Introduction
Structural health monitoring (SHM) is crucial for protecting structures against wind, aging, and potential collapse. Since wireless sensor nodes reduce the time and cost of installation and maintenance for the SHM, the use of wireless sensor networks (WSNs) has recently become an area of interest [1] . Modern, wireless-based SHM has two main constraints: cost and power consumption. Micro electro -mechanical system (MEMS) accelerometers meet these conditions. A wireless sensor node is also important since it deals with vibration data acquisition and wireless transmission. Many researchers choose commercial off-the-shelf products as their wireless sensor nodes rather than building their own prototypes because of their performance and ease of implementation. For such a reason, we also choose a commercial low-cost wireless sensor node that is composed of a MEMS accelerometer, Arduino compatible processor board, and IEEE 802.15.4 communication module.
To better understand any structural dynamic problems, the resonant frequencies of a structure need to be identified and quantified. Today, experimental modal analysis has become a widespread means of finding the modes of vibration of a structure. Modal analysis is the field of measuring and analyzing the dynamic response of structures during excitation [2] . The frequency response function (FRF) describes the input-output relationship between two points on a structure as a function of frequency [3] . Experimental modal parameters, such as natural frequency, damping ratio, and mode shape, are also obtained from a set of FRF measurements.
This paper presents an experimental modal analysis of a cantilevered steel beam using a low-cost wireless sensor node for SHM in order to demonstrate the feasibility of its use. For the purpose of this end, we apply an alpha-trimmed filter to the raw vibration signals acquired by a wireless accelerometer. Dynamic characteristics of the structures, such as natural frequencies, damping ratios, and mode shapes are acquired. These dynamic properties are here compared with the
Mathematical Model of Single Degree-of-Freedom System
A mathematical model can be used to represent the characteristics of the system. The simplest model is the single degree-of-freedom (SDOF) mass, spring, dashpot model which is shown in Figure 1 
where m is the mass, c is the damping and k is the stiffness with the displacement, velocity and acceleration and the forcing function.
A system is said to be a cantilever beam system if one end of the system is rigidly fixed to a support and the other end is free to move. For a cantilever beam subjected to free vibration, and the system is considered as continuous system in which the beam mass is considered as distributed along with the stiffness of the shaft, the equation of motion can be written in [4] as follows.
where, E is the modulus of rigidity of beam material, I is the moment of inertia of the
 is the circular natural frequency, m is the mass per unit length,
is the area of cross-section of the beam, x is the distance measured from the fixed end. Following are the boundary conditions for a cantilever beam [5] . 
For a uniform beam under free vibration from Equation (2), we get
Using the boundary condition from Equation (3) and (4), we obtain the frequency equation as
where L is the length of the beam. The Equation (6) 
where n n L and n
A closed form solution of the circular natural frequency 
The Equation (8) where b and d are the breadth and width of the beam cross-section [6] .
The cantilever steel beam studied in this paper is long, thin, cantilever beam. One end of the beam is fixed, while the other end is free. The origin of the coordinate axis is at the fixed end. A typical beam, used in this study, is L = 900 mm long, b = 60 mm wide, and d = 3 mm thick. 
The above natural frequency has to be modified since there is a mass in the form of an accelerometer at the free end of the continuous beam. By continuous approach the solution is difficult since with tip mass the boundary condition at free end is now time dependent. Let us consider the beam specimen as mass-less with stiffness k and has a discrete effective mass, eff m , at the free end, which produces the same frequency as a continuous beam specimen without any tip mass. Hence, the natural frequency of discrete model of the beam without an accelerometer can be written as
From which the effective mass at the tip can be written as 
Now, let us consider that two accelerometers are used. The mass of the first wire-based accelerometer would be 51 gram, and in this case, coaxial cable must be considered, too. From the Equation (12), we get the first circular natural frequency as follows. 
In our case, we use PCB 603C01 ICP type accelerometer which has a weight of 51gram. In other case, we use also LIS331DLH MEMS type accelerometer embedded into a Waspmote sensor node which has a weight of 20gram. In addition to the Waspmote, Lithium ion battery of 6600mA with 155gram is attached to the Waspmote, so total weight of wireless accelerometer becomes 175gram.
Impulse Noise Mitigation Using Alpha-trimmed Filter
The raw signals acquired from the wireless accelerometer have impulse noise because the input signal to the cantilever beam is obtained from the impact hammer and wireless accelerometer does not provide any good filters for removing impulse noise. To mitigate the impulse noise in time domain, we propose a method that operates directly on the signals. Time domain processing will be denoted by Equation (13).
where x(t) is the input signal, g(t) is the processed signal, and T is an operator on x(t), defined over some neighborhood of x(t). T can operate on a set of input signals, such as performing the neighborhood signals for noise reduction. The Median filters are popular because, for certain types of random noise, they provide excellent noise-reduction capabilities. The median filter's operation is given by Equation (14) where S is a set of surrounding neighborhood at one time.
In order to perform median filtering at a point of signal, the median is calculated by first sorting all the values from the surrounding neighborhood into numerical order and then replacing the signal being considered with the middle value. The alpha trimmed filter, which is windowed filter of nonlinear class by its nature, is hybrid of the mean and median filters. The basic idea is to order elements of the signal discarded at the beginning and at the end of the ordered set and then calculate average value using the rest. A filter formed by averaging these remaining signals is called an alpha trimmed mean filter, and represented by Equation (15).
where the value of d can range from 0 to n-1. When d=0, the alpha-trimmed filter reduces to the arithmetic mean. If d =(n-1)/2, the filter becomes a median filter.
A simplest model of vibration is the SDOF mass-spring-dashpot model defined by second order differential equation with constant coefficients as represented by Equation (1). If we assume that the output signal x(t) is measured from the accelerometer. In this International Journal of Control and Automation Vol. 8, No.11 (2015) 354
Copyright ⓒ 2015 SERSC case, the output signal x(t) has impulse noise. When the above alpha-trimmed filter is applied to the signal, the impulse noise is mitigated. In the equation (1) 
Performance Evaluation Using Experimental Modal Analysis

Wireless Sensor Node
Functional subsystems of WSN are sensing interface, computational core, and actuation interface as shown in the previous research [8] . By keeping in mind the lowresources, we have selected a commercial off-the-shelf product, Libelium Waspmote A low cost accelerometer sensor, LIS331DLH, is built into the Waspmote that is used to measure the accelerations of the cantilever beam. It has three scales (±2g, ±4g, ±8g) and seven work modes which is important in case of battery operated products. In normal mode, the output data rate can be 50 Hz / 100 Hz / 400 Hz / 1000 Hz. But in low power mode, it can be 0.5 Hz / 1 Hz / 2 Hz / 5 Hz / 10 Hz. A ZigBee-802.15.4-Pro 802.15.4 rf module is used for a wireless data transmission to satisfy the low resources. It operates -100 dB sensitivity within the ISM 2.4 GHz frequency band. It has 100 mW EIRP power output (up to 7000 m outdoor range), RPSMA connector. To interface this rf module on the Waspmote, it needs a Waspmote gateway. It communicates with the host PC via IEEE 802.15.4/ZigBee protocol. Figure 4 shows the Waspmote with the ZigBee module and Waspmote gateway. To investigate a suitability of low-resource wireless sensor node in a SHM, an experimental modal analysis for a cantilevered steel beam is carried out [10] . The frequency response function was performed at the host PC using Smart Office Analyzer software [11] with the 1,024 sample of data.
Experimental Setup
To study the accuracy of the dynamic acceleration measurement obtained with a wireless accelerometer such as LIS331DLH on the Waspmote, we used a conventional wired IEPE accelerometer to measure the transient response of a cantilever beam simultaneously. The experimental modal analysis of a simple cantilever beam was performed to demonstrate the use of wireless sensor nodes.
A cantilevered steel beam was used for the experiment with approximate dimensions of 900 x 60 x 3 mm. An IEPE or ICP type impact hammer, model 086C03 of PCB Piezotronics, was used as the excitation source at any point input and response data was acquired at the point of the beam. A cable with the hammer is connected to the NI-9234 as data acquisition hardware. A wired accelerometer, 603C01 of PCB Piezotronics, was used for the reference. A MEMS accelerometer, LIS331DLH built on the Waspmote, is located at the end of the cantilever beam and the excitation was imparted on the point as shown in Figure 5 . 
Figure 5. Test Setup and the Data Acquisition Point
In this test, we use a fixed accelerometer and a roving hammer as excitation and give a multiple-input, single-output (MISO) analysis. We have chosen 10 excitation points as an input force to obtain 3 mode shapes. A frequency response function is acquired by computation of the cross power spectrum of the input and output vibration data using commercial Smart Office Analyzer software. The measurement for experimental modal analysis is to acquire frequency response function data from a test structure. As the cantilever beam setup was excited with the hammer manually the response of the structure was measured in the form of acceleration. Both the excitation and response signal were sent to the data acquisition hardware with a signal processing software. Figure 6 depicts an IEPE type wired accelerometer with the cantilever beam while Figure 6 shows the Waspmote, which is composed of accelerometer, processor, communication device, and a Sampling rate of the wired ICP accelerometer was 256 Hz, and the vibration signal was collected for 4 seconds, so a total of 1,024 samples were recorded for post-processing. In case of wireless accelerometer, the sampling rate of the LIS331DLH was 400 Hz, but the vibration data was recorded at a rate of 256 Hz for 4 seconds.
Test Results
The signal processing software, Smart Office Analyzer, was used to capture and analyze the signal acquired from the both ICP accelerometer and LIS331DLH on the Waspmote. The modal frequencies were estimated as the frequencies where we received maximum gain in the frequency response function plots in Smart Office Analyzer. Figure  8 and Figure 9 represent frequency response function of the wired and wireless accelerometer respectively. The Figure 10 illustrates the frequency response function of the wireless accelerometer after applying alpha-trimmed filter as a method of impulse noise mitigation. However, the dynamic properties, such as natural frequencies, are the same as before applying the filter. The natural frequencies which were acquired from the analytical modeling and the experiments are compared in the Table 1 . 
Conclusion and Future Works
In this paper, the feasibility of using wireless sensor nodes on a vibration measurement was investigated. To improve the performance of wireless accelerometers, the alphatrimmed filter was applied to the raw vibration signals to mitigate the impulse noise. In order to justify the performance of wireless accelerometers, the experimental modal Copyright ⓒ 2015 SERSC analysis for the cantilever beam was carried out. To verify the feasibility of its use, the dynamic properties of the structures such as natural frequencies, damping ratios, and mode shapes of the cantilever beam are obtained and compared with the conventional wired IEPE vibration measurement system. These properties were computed by Smart Office Analyzer software. A further step of the research is to design wireless sensor networks of the SHM applications. Expecting issues would be data transmission bandwidth and time synchronization [12] .
